ABSTRACT. Developmental differences in myocardial performance are known to exist. It is likely that the profile of protein isoforms present on the developing thin filament contributes to these observed differences. We have prepared thin filaments from developing and mature rat hearts by using an immunoprecipitation procedure developed in our laboratory. Analysis of these isolated thin filaments by Western immunoblots and two-dimensional gel electrophoresis demonstrates troponin I and troponin T isoform switching on the developing thin filament. Troponin I isoform switching begins by embryonic d 18 and is complete before the 3rd postnatal wk. Troponin T isoform switching begins between embryonic d 18 and birth and is complete between the 2nd and 3rd postnatal wk. The degree of phosphorylation of tropomyosin in thin filaments appears to be developmentally regulated, decreasing with advancing age. Nonmuscle isoforms of tropomyosin are also detectable in thin filaments from developing and mature rat hearts. These phenomena (troponin isoform switching, the degree of phosphorylation of tropomyosin, and the presence of nonmuscle isoforms of tropomyosin on cardiac thin filaments) likely play a role in the function of immature thin filaments and in the assembly of mature thin filaments. (Pediatr Res 30: 232-238, 1991) 
ABSTRACT. Developmental differences in myocardial performance are known to exist. It is likely that the profile of protein isoforms present on the developing thin filament contributes to these observed differences. We have prepared thin filaments from developing and mature rat hearts by using an immunoprecipitation procedure developed in our laboratory. Analysis of these isolated thin filaments by Western immunoblots and two-dimensional gel electrophoresis demonstrates troponin I and troponin T isoform switching on the developing thin filament. Troponin I isoform switching begins by embryonic d 18 and is complete before the 3rd postnatal wk. Troponin T isoform switching begins between embryonic d 18 and birth and is complete between the 2nd and 3rd postnatal wk. The degree of phosphorylation of tropomyosin in thin filaments appears to be developmentally regulated, decreasing with advancing age. Nonmuscle isoforms of tropomyosin are also detectable in thin filaments from developing and mature rat hearts. These phenomena (troponin isoform switching, the degree of phosphorylation of tropomyosin, and the presence of nonmuscle isoforms of tropomyosin on cardiac thin filaments) likely play a role in the function of immature thin filaments and in the assembly of mature thin filaments. (Pediatr Res 30: 232-238, 1991) Abbreviations Tm, tropomyosin pTm, phosphorylated tropomyosin MHC, myosin heavy chain CL2-MF, tropomyosin-enriched microfilaments Developmental differences in myocardial function have been observed in a variety of species, including dogs (I), rabbits (2), and rats (3) . Myocardial function improves significantly in these species as development progresses toward adulthood. In addition, the inotropic response to isoproterenol (1), phosphodiesterase inhibitors (4), and calmidazolium (5) , and the immediate decline in myocardial performance with acidosis (6) are more significant in adult than neonatal myocardium.
The functional properties of the contractile apparatus are likely derived from the composition of its constituent structural and regulatory proteins. Because cardiac muscle development involves the sequential and/or overlapping expression of protein isoforms, the developmental switching of isoforms may be a mental isoform switching has been described for MHC (9, lo) , troponin I (1 1, 12), and troponin T (13, 14) . The isoform switch of MHC (from a-MHC to /3-MHC) may be functionally important, in that the calcium-activated myosin ATPase activity of a-MHC is higher than /3-MHC, resulting in a more rapid velocity of shortening (1 5). Still, the absence of an MHC isoform switch in many mammals (including humans) makes it unlikely that MHC isoform switching alone accounts for the observed developmental difference in myocardial function. Thus, our attention has turned to differences in the thin filament during heart development. Functional differences, although subtle, have been demonstrated between troponin T isoforms (16) , with the larger isoform having slightly greater calcium sensitivity in an in vitro reconstituted system. Functional differences between troponin I isoforms exist, with the adult isoform being more rapidly phosphorylated than the embryonic, and thereby possibly allowing more rapid release of calcium from troponin C, with consequent relaxation (17, 18) . Muscle Tm isoform switching is not seen in all species during heart development, and troponin C appears to exist as a single protein throughout development.
The role of developmental protein isoforms is not well understood. Possibilities include a role in assembly of developing microfilaments, in the contraction of embryonic thin filaments, or both. In an attempt to learn more about the significance of isoform switching on the thin filament, we have immunoprecipitated thin filaments from developing rat hearts with an antibody to skeletal muscle Tm (19) . This antibody has been shown previously (19) to be able to isolate CL2-MF from embryonic chick skeletal (19, 20) and cardiac muscles (20) . These thin filaments were then analyzed by two-dimensional gel electrophoresis and Western immunoblots with antibodies we have developed to troponin T and troponin I. Western immunoblots of immunoprecipitated thin filaments were compared with those of intact heart tissue vrobed with the same antibodies. We have found that troponin T and troponin I isoform switching occurs on the developing thin filament. In addition, it appears that the degree of phosphorylation of Tm on the thin filament is developmentally regulated, decreasing as development progresses. Finally, we have detected nonmuscle isoforms of Tm on the developing (and mature) thin filament. This is new information that cannot be concluded from analysis of whole tissue. These results suggest that troponin T and troponin I isoform switching may contribute to developmental differences in myocardial function. The degree of phosphorylation of cardiac Tm may play a role in the assembly and/or function of developing thin filaments, as may the presence of nonmuscle isoforms of Tm on developing thin filaments. mechanism for observed functional changes (7, 8 
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monium sulfate. The initial extraction removes the majority of soluble proteases and myosin. The ammonium sulfate fractionation separates crude troponin from a fraction containing a high concentration of Tm. The crude troponin was further purified with chromatography on CM Sephadex C-50-120 and DEAESephadex A-50 in the presence of 6 M urea and 1 mM EDTA to prepare troponin I. This troponin I was further purified by electrophoresis in a polyacrylamide gel followed by excision of the desired protein band and electroelution of the protein from gel slices (22) . Preparation of specific antibodies. A New Zealand White rabbit was immunized S.C. with bovine cardiac troponin I (100 pg) emulsified with an equal volume of complete Freund's adjuvant. After 2 wk, the rabbit was boosted with 80 pg of the same antigen emulsified in incomplete Freund's adjuvant. The animals were boosted three more times at 2-to 3-wk intervals and tested for antibody production. The antiserum thus obtained was characterized by Western immunoblot, by using a modification of the procedure of Towbin et al. (23) , and by immunofluorescent staining of cryosections of rat ventricle and cultured rat heart myocytes, by the procedure of Lazarides and Weber (24) . A polyclonal antibody to skeletal troponin I (GPI) was prepared as described above by injection of purified rabbit skeletal troponin I into a guinea pig. Mouse MAb CT3 against cardiac troponin T and CL2 against striated muscle Tm were prepared and characterized as described previously (25, 26) .
Tissue preparation. To obtain myocardial tissue for Western immunoblot experiments, timed pregnancies were interrupted by killing pregnant females and hearts from fetal rats were harvested on ice. Animals were cared for by the animal care unit at the University of Iowa, and animals were anesthetized before being killed. The hearts from an entire litter of fetal or neonatal rats or single hearts of larger rats were homogenized with a Brinkman polytron for 45 s at speed 4 in 10 vol of a cold buffer consisting of 10 mM Tris (pH 8.0) and 1 mM EGTA. The homogenate was centrifuged for 10 min at 5 000 rpm; the pellet was suspended in sample buffer (100 mM DTT, 2% SDS, 80 mM Tris [pH 6.81, 15% glycerol, and 0.006% bromphenol blue), heated for 3 min at 100°C, and centrifuged in an Eppendorf centrifuge for 15 min at 4"C, and the supernatant was collected.
Cardiac myocyte culture. Wistar rat hearts (1 to 3 d old) were used to establish cardiac myocyte cultures by the method of Borg et al. (27) . Cultures were grown in 35-mm &shes containing glass coverslips. The cardiac myocytes grown on these coverslips were used for immunofluorescent staining by the method of Lazarides and Weber (24) .
Cryosections. To prepare cryosections of adult rat ventricles, a single adult rat was euthanized with ether and the heart was rapidly removed. The left ventricle was quickly frozen with liquid nitrogen after mounting in OCT compound. Sections (6 pm) were cut on a microtome, fixed in cold acetone, and used for immunofluorescent staining.
One-and two-dimensional gel electrophoresis. A 1 2.5 % SDS-PAGE was carried out as described by Laemmli (28) with a low concentration of bisacrylamide (29) . Two-dimensional gel electrophoresis was performed by a modification (30) of 07Farrell's procedure (3 1).
Isolation of Tm-enriched microjilaments. We have previously shown that monoclonal antibody CL2 was able to specifically immunoprecipitate the skeletal CL2-MF from myotubes but not from fibroblasts (19, 26) . Native myofilaments consist of thin and thick filaments; our isolation procedure produces thin filaments containing primarily actin, Tm, and the troponins. We have also shown that CL2 was able to isolate striated muscle CL2-MF from embryonic chick muscles (20) . Therefore, CL2 antibody was used to isolate CL2-MF from embryonic and postnatal developing rat hearts by the procedure previously described (20) . The resulting pellets (i.e. rat cardiac (CL2-MF) were dissolved in gel sample buffer for analysis by one-and twodimensional gels and by Western immunoblots.
RESULTS

Characterization of rabbit antisera to troponin I.
Western immunoblot and immunofluorescence were used to characterize the rabbit antisera to troponin I (RTI). Figure 1 shows the results obtained from Western immunoblot of crude bovine troponin (lane 1) and adult rat heart homogenate (lane 2). A single band is recognized, with an apparent molecular mass of 30 kD. Immunofluorescent staining of cultured neonatal rat heart myocytes demonstrates a doublet on the I bands of the myofibrils (arrow in Fig. 2 ), which is a typical localization for troponin I on the myofibril. Immunofluorescent staining of frozen sections of adult rat ventricle also reveals I band localization (arrow in Fig. 3) .
Troponin T and troponin I isoform switching during development of rat heart. By using the RTI rabbit antiserum and CT3, we examined isoform switching of troponin I and troponin T during rat heart development in whole heart homogenates. Embryonic rat heart contains a specific protein band with an apparent molecular mass just under 45 kD that is recognized by CT3, representing the embryonic isoform of rat cardiac troponin T (Fig. 4, lane 1) . The smaller adult isoform appears within the first 24 h after birth (Fig. 4 , lane 2), increases in proportion to the embryonic isoform as development progresses, and is the exclusive isoform present after approximately 3 wk of postnatal development (Fig. 4, lane 6) . The adult isoform of troponin I is first recognized in hearts at approximately 16 d of gestation (Fig.  4 , lane 1). Our antibody to cardiac troponin I inconsistently recognizes a protein with an apparent molecular mass of 25 kD, the expected size of the embryonic isoform of troponin I (data not shown). As development progresses, there is an increase in the amount of adult cardiac troponin I detected by this antibody (compare, e.g. lane 1 with lane 7 in Fig. 4) .
Troponin isoform switching during rat heart thin filament development. The location of troponin T and troponin I isoform switching within cardiac muscle, although assumed to take place on the developing thin filament, is not known. It is possible that knowing the location of the isoform switch may yield information about the potential roles of embryonic isoforms of these proteins during heart development. Possible roles include assembly and contraction of developing microfilaments. To examine these possibilities, we immunoprecipitated thin filaments from developing and mature rat hearts by using an antibody (CL2) that reacts specifically with striated muscle Tm (19) . This antibody has been shown to be able to selectively isolate striated muscle CL2-MF from developing chick embryos (20) . The isolation procedure causes myosin-containing thick filaments to dissociate into myosin monomers or soluble oligomers by the addition of ATP, which is subsequently hydrolyzed. We have previously shown that our isolation procedure does not interfere with the binding of other actin binding proteins (including myosin) to the microfilament preparation (20) . During incubation with antibody, some myosin monomers may bind to the microfilaments, explaining why isolated microfilaments contain myosin molecules. We call the product of this procedure CL2-MF because an antibody to Tm is used to precipitate this protein and other proteins associated with it (primarily thin filament proteins), not because Tm is isolated in greater quantity than other thin filament proteins. Thin filaments prepared in this fashion were examined by Western immunoblot using RTI, GPI, and CT3 antibodies. When these CL2-MF were examined with CT3, the larger embryonic isofonn of troponin T is seen exclusively in the 20-d-old embryonic heart (Fig. 5B, lane I) . Within 24 h after birth, the smaller adult isofonn appears (Fig. 5B, lane 2) .
As development progresses, the adult isoform increases in proportion to the embryonic isoform; the isoform switch is complete between the 2nd and 3rd postnatal wk (Fig. 5B, lane 6) . Troponin T isoform switching thus occurs on the developing thin filament. In Figure 5C , the same CL2-MF were examined with RTI antisera. The adult isoform of cardiac troponin I is first recognized by this antibody shortly after birth (Fig. 5C, lane 2) , although this protein is recognized in homogenates from late embryonic hearts (Fig. 4, lane I) . Because it has been suggested (32) that the embryonic isoform of troponin I may be the same protein as slow skeletal troponin I, an antibody (GPI) to skeletal troponin I was used to examine the CL2-MF for the presence of this protein. A protein of apparent molecular mass of 25 kD is recognized by GPI in microfilaments from 20-d embryonic (Fig.   6 , lane I ) and 7-d postnatal (Fig. 6, lane 2) , but not 3-wk postnatal (Fig. 6, lane 3) hearts. The adult isoform of troponin I is also recognized in cardiac microfilaments from late gestation through adulthood ( a in Fig. 6 , lanes 1-3) . A third band, intermediate in apparent molecular mass between the adult and embryonic isoforms of troponin I, is also detected at all ages examined. The identity of this protein is yet to be determined but may represent a troponin I proteolytic fragment or another troponin I isofonn. Because we added DTT to our samples before electrophoresis of proteins, it is unlikely that this band represents incomplete reduction of sulfhydryl groups in-troponin I. Troponin I isofonn switching thus occurs on the developing thin filament also.
Two-dimensional gel analysis of CL2-MF. Two-dimensional
gel analysis of the CL2-MF isolated from 18-d-old embryonic rat hearts contained as major protein components a-actin, the embryonic isoform of troponin T (E) and cardiac muscle Tm and . The embryonic isoform of troponin T (TnT-e) is exclusively present in the late embryonic heart. On the day of birth, the adult isoform of troponin T (TnT-a) appears; as development progresses, this isoform increases, whereas the embryonic isoform decreases until it is undetectable after postnatal d 20. Only the adult isoform of troponin I is consistently recognized (TnI-a) by our polyclonal antibody; it is first detected in the embryo (lane I ) and increases in amount as development progresses. pTM, as detected on a Coomassie blue-stained two-dimensional gel (Fig. 7A) . At the stages of development examined, we are unable to detect any noncardiac isoform of actin; at least in chick hearts, it has been previously demonstrated in our lab (20) that skeletal muscle isoforms of actin are present on very early embryonic microfilaments, disappearing before hatching. Silver staining of the same gel reveals a minor protein spot in the region where the adult isoform of troponin T (TnT) would be expected to migrate (Fig. 7B) . On the basis of Western immunoblots, it has been previously thought that the adult isoform of troponin T appears only after birth (Fig. 4 and references 13 and 14) . The appearance of the embryonic isoform of troponin T closer to the left side of the two-dimensional gel than the adult isoform indicates that it is a more acidic protein. Nonmuscle isoforms of Tm 3, 4, and 5 are also detected by silver staining of twodimensional gel analysis of thin filaments from embryonic rat hearts. As development progresses, the amount of the adult isoform of troponin T increases (Fig. 7 C and E) , whereas the amount of embryonic troponin T decreases (Fig. 8A) , disappearing before adulthood (Fig. 8 C) . The apparent low abundance of adult troponin T seen on two-dimensional gels is likely related to the low solubility of this protein in low salt conditions present in our isoelectric focusing gel system. This phenomenon has been observed previously (33) . In addition, troponin T aggregates are often seen in two-dimensional gel systems, reducing the apparent abundance of this protein. The presence of satellite protein spots around both isoforms of troponin T may represent charge heterogeneity, perhaps related to phosphorylation or other posttranslational modification. Charge heterogeneity of troponin T is apparently present throughout development. Nonmuscle isoforms of Tm 4 and 5 persist in cardiac thin filaments throughout development (in silver-stained gels; see, e.g. Fig. 7B , D, and F and Fig. 8D ), whereas nonmuscle Tm isoform 3 disappears shortly after birth (Fig. 7 0 and F) . The degree of phosphorylation of Tm is greatest at the earliest stage of development examined (Fig. 7A) ; pTm represents the major species of Tm present at this stage of development. As development progresses, the degree of phosphorylation of Tm on thin filaments decreases, until the amount of Tm and pTm are apparently equal in adult microfilaments (compare, e.g. Fig. 7A with Fig. 8C ). This result is in agreement with the results of Montarras et al. (34) for developing chick skeletal muscle Tm, suggesting that the degree of phosphorylation detected is unlikely to be related to artifact during sample preparation. Several other minor spots on these twodimensional gels remain to be identified. Troponin I is not seen on these gels because it is such a basic protein. ation, therefore, the augmentation of myocardial contractility can be more challenging in neonates than children or adults. It is likely that the profile of contractile proteins present in the contractile apparatus determines the functional capacity, i.e. ability to perform work. It is therefore attractive to attempt to explain developmental differences in myocardial function on the basis of sarcomeric protein isoform changes.
Troponin T isoform switching has been well described during rat heart development (1 3, 14) . The larger embryonic isoform of troponin T is present exclusively during prenatal heart development. Shortly after birth (within the first 5 d), the smaller adult isoform appears. As development progresses after birth, the adult isoform gradually replaces the embryonic isoform, the isoform switch being complete by 2 to 3 wk postnatally. Furthermore, analysis of two-dimensional gels of immunoprecipitated thin filaments (Figs. 7 and 8 ) from late embryonic rat hearts demonstrates a small amount of the adult isoform of troponin T by -. complete between the 2nd and 3rd postnatal wk. Gene switching
is thought to be the mechanism by which troponin I isoform switching occurs, rather than differential mRNA splicing, as for troponin T (32) . The troponin I isoform switch has been postua mc;
, lated to modulate myocardial function via the presence on the L--1 adult isoform of an additional phosphorylation site (36) . Phos-
C-7m
phorylation at this site appears to alter the calcium affinity of troponin C by increasing the rate at which calcium can dissociate. In this fashion, troponin I phosphorylation may enhance sarco- -rC' -. 1 differences in myocardial function.
The analysis of purified microfilaments rather than whole In addition, analysis of purified microfilaments provides more sensitive data about pro- Fig. 8 . Two-dimensional gel analysis of striated CL2-MF from 2-wk teins present in low abundance on the contractile apparatus, such postnatal (A and B) and adult ( C and D) heart. (Two-dimensional gels as nonmuscle isoforms of Tm. In this fashion, information about run as described for Fig. 7 ). Abbreviations are as described for Figure 7 assembly of the contractile apparatus during development can except LC1 and LC2 represent light chains 1 and 2, respectively, of more readily be acquired because of the elimination (to a large myosin. The completion oftroponin T isoform switching is demonstrated extent) of noncontractile proteins during purification.
on the thin filament. Nonmuscle isoforms 4 and 5 of Tm are detected in It has previously been described (37) that the degree of phosthin filaments of both ages. The amount of non-pTm and pTm are phorylation of Tm is highest in fetal heart tissue and decreases approximately equal at these ages.
as development progresses. In the present study, two-dimensional gel analysis of CL2-MF demonstrates that this phenomenon silver stain (Western immunoblots with the monoclonal CT3 Occurs On the developing thin filament. This finding is consistent antibody fail to demonstrate troponin T in the same-aged whole with earlier studies (20) performed in developing chick striated heart). These data suggest that troponin T isoform switching muscle. occurs on the developing thin filament but that the isoform
The significance of ~hos~horylation of Tm, and its change switch actually begins before birth rather than in the neonatal with development, is currently unknown. Heely et al. (38) have period, as suggested in previous studies (13, 14) . In chick heart, shown that the myosin ATPase activity in a reconstituted thin a single cardiac troponin T gene has been shown to produce two filament system in the Presence of calcium is higher for P T~ mRNA via developmentally regulated alternative splicing of a than non-~Tm. This suggests that the degree of ~hos~horylation common primary transcript (35) . The two mRNA differ in a of Tm may represent a modulatory n~echanism for the fine single exon, and translation of these two mRNA generates the tuning of the contractile apparatus to the particular needs of adult and embryonic isoforms of troponin T. In rat cardiac myocardium at a given developmental age. In the same Paper, it muscle, mRNA data are not yet available. In preliminary work Was reported that ~hos~horylation of Tm enhanced end-to-end (currently in progress in our lab), Northern blot data appear to Tm ~ol~merization when compared with a system in which Tm be in good agreement with protein data.
was not phosphorylated. Tm is phosphorylated at a location (serTobacman and h e (16) have found subtle differences in the 283) that has been shown to be involved in key functions of Tm, calcium sensitivity of the actin-Tm-troponin complex between including the interaction with troponin T (39) and cooperative the two isoforms of troponin T purified from bovine hearts. If binding of Tm to actin filaments (40) . Phos~horylation of Tm this difference is verified for species in which isoform switching may thus play a role in facilitation of thin filament formation of troponin T occurs (e.g. the rat) during development, then during m~ofibrillogenesis. troponin T isofom switching may be responsible, at least in The coexistence of cardiac and nonmuscle isoforms of Tm in part, for developmental differences in myocardial function. Be-thin filaments from developing and mature hearts is in good cause no difference in its effect on Tm polymerization was noted agreement with data from our laboratory (20) examining in ovo between troponin T isofoms, it is difficult to ascribe a role for chick muscle development. At least one of the nonmuscle Tm embryonic troponin T in assembling the developing thin i~oforms (isoform 3) appeared to decrease and disappear during filaments.
the maturation process. We speculate that nonmuscle isoforms Troponin I isoform switching has also been investigated during of Tm may play an assembly role during thin filament differenrat heart development (1 1, 12). Before the 16th d of gestation, tiation. The possibility that nonmuscle isoforms of Tm may the smaller embryonic isoform of troponin I is exclusively pres-represent a set of functionally distinct microfilaments in different. Recent cloning data (32) demonstrate that the CDNA encod-entiating cardiac muscle cells cannot, however, be excluded by ing this isoform has a high degree of sequence homology with the present approach. the cDNA encoding troponin I from slow skeletal muscle, sugnesting that the embryonic cardiac troponin I isoform is the same
